We analyze a dielectric waveguide with a photonic crystal core. Using constant frequency contour analysis, we show that the modal behavior of this structure is drastically different from that of a conventional slab waveguide. In particular, at a given frequency the lowest-order guided mode can have an odd symmetry or can have more than one nodal plane in its field distribution. Also, there exist several single-mode regions with a different modal profile in each region. Finally, a single-mode waveguide for the fundamental mode with a large core and strong confinement can be realized. All these behaviors are confirmed by our threedimensional finite-difference time-domain simulations.
For applications of dielectric waveguides, understanding and controlling their modal properties is of fundamental importance. Recent developments in photonic crystals have led to the invention of waveguide structures with unusual characteristics. Notable examples include air-core waveguides in which light is confined in low-index material 1, 2 and endlessly single-mode dielectric-core photonic crystal fibers. 3 Also, photonic heterostructure waveguides with photonic crystal cores and claddings have been analyzed. 4 Recently, anomalous properties of the fundamental modes in coupled line-defect photonic crystal waveguides have been studied. 5 In this Letter we analyze a class of waveguide structures with a highindex photonic crystal core surrounded by a uniform low-index material [ Fig. 1(a) ]. In these structures, similar to conventional dielectric-slab waveguides, the guiding mechanism is provided by total internal reflections at the photonic crystal surfaces. 6 However, due to the complex spatial dispersion properties of photonic crystals, the modal structures of such waveguides are unusual. In particular, at certain frequency ranges the lowest-order guided mode might have an odd symmetry or might have more than one nodal plane in its field distribution. Also, there can exist several single-mode regions, each with a different modal profile. Finally, one can actually design a single-mode waveguide with a core dimension much larger than the operating wavelength, and yet the modes are still strongly confined in the core region. These properties could be important, for example, in suppressing modal competition in semiconductor lasers.
For concreteness, consider the waveguide shown in Fig. 1(a) . The waveguide has a finite width d in the y direction. We are interested in the modes propagating along the x direction. The core consists of a square lattice of air holes (with lattice constant a, radius 0.42a) introduced into a high-index dielectric slab with a dielectric constant ⑀ = 12. The thickness of the slab is fixed to a / 2 such that the guided modes remain nodeless in the z direction in the frequency region that we consider. The crystal is truncated along the (10) plane, which guarantees total internal reflection on the crystal-air interface. 6 To avoid surface modes, the crystal is truncated through the dielectric. We seek to infer the behavior of such a waveguide, starting from the band structure of the infinite crystal. At a given frequency , to create a guided mode, the total internal reflection condition requires that the wave-vector component parallel to the interface satisfy
Here k ʈ is restricted to the first Brillouin zone. 6 Also, for each guided mode, the phase accumulated as the wave travels a round trip between the two interfaces needs to satisfy the transverse resonance condition 8 :
where k Ќ is the wave-vector component perpendicular to the interface and c , s are the phase shifts due to reflection at the interface. The number of nodes in the field pattern can be estimated as
Following the convention of the dielectric slab waveguides, a mode with m nodes in its field pattern is the mth-order mode.
When applying Eqs. (1)- (3), one should use the wave-vector values within the first Brillouin zone. This can be seen as follows: for an infinite photonic crystal, the propagating waves are in the Bloch form
where H ជ k ជ is the magnetic field of waves with wave vector k ជ , u k ជ ͑r ជ͒ is a periodic function, i.e., u k ជ ͑r ជ + R ជ ͒ = u r ជ ͑r ជ͒ (R ជ is a crystal translation vector). For simplicity, we consider waveguides with widths that are integer multiples of the lattice constant ͑d = ma͒ [Eq.
(2) in fact should apply for any choice of d]. The phase change accumulated by u k ជ ͑r ជ͒ as waves travel a round trip in the transverse direction is therefore always a multiple of 2. The condition for creating a waveguide mode therefore involves only the wave vector k ជ that lies in the first Brillouin zone. In this case, the order of a mode refers to the number of nodes in its field envelope.
We compute the band structure of the bulk crystal [shown in Fig. 1(a) ] by use of the MIT Photonic Bands package. 10 The constant frequency contours for the first two bands for the infinite crystal are shown in Figs. 1(b) and 1(c) . We restrict our consideration to the TE-like modes 11 and the parts of the bands that lie below the light cone.
In the first band [ Fig. 1(b) ], there is a nonzero k y min for a given frequency f in the frequency range 0.25-0.34͑c / a͒. Hence, with an appropriate choice of (Fig. 2) . In contrast, in a conventional symmetric dielectric slab waveguide, the lowest-order mode is always 0th-order mode at any frequency and width.
As an example, for a waveguide with a width of 2a, the 0th-order mode does not exist in the frequency range 0.29-0.34͑c / a͒. This can be directly visualized in three-dimensional finite-difference time-domain (FDTD) simulations, as shown in Fig. 3 . At the steady-state frequency f = 0.3͑c / a͒, a beam with an even modal profile cannot propagate through the waveguide, while a beam with a node in the horizontal plane is able to.
Figure 2 also reveals that with photonic crystals one can construct waveguides that are single mode, but the guided mode is not the 0th-order mode. Again, this is something that would be impossible to do with a conventional dielectric slab waveguide. As an example, the waveguide with d =2a has two single-mode frequency regions: the frequency range 0.29-0.34͑c / a͒, where it supports a single 1st-order mode, and the frequency range 0-0.27͑c / a͒, where it supports a single 0th-order mode. In general, at a given frequency, by choosing the width such that wave vector k ជ satisfies ͑m −1͒ Ͻ k y d Ͻ ͑m +1͒, we can design waveguides in which the mth-order mode will be the only guided mode.
We will now attempt to design a single-mode waveguide with a large cross section. This could be important for constructing large-core lasing structures in which modal competition is inherently suppressed. 12 To do so, we consider the second band [ Fig. 1(c) ]. When the frequency is close to the lower band edge, k y max could be infinitesimally small. Thus, the singlemode condition k y max d Ͻ can still be satisfied even for a wide waveguide. Figure 4 compares regions of frequencies and width in which only the 0th-order mode is supported, for the photonic crystal core waveguides and the corresponding conventional dielectric waveguides. For the photonic crystal core waveguide, there is an additional single-mode frequency region in the frequency range of the second band.
To visualize the propagation characteristics of a waveguide in this frequency region, we choose d =8a and perform three-dimensional FDTD simulations using sources with a frequency of 0.37͑c / a͒ arranged with different symmetries. Only the fundamental mode can propagate in the photonic crystal core waveguide, and all higher-order modes are suppressed (Fig. 5) . Also, since k x is large, the fundamental mode is strongly confined in the waveguide region and decays rapidly in the air. In contrast, the corresponding conventional waveguide allows 18 guided modes at the same frequency.
